Myofibrillar myopathy (MFM) is a group of chronic muscular disorders that show the focal dissolution of myofibrils and accumulation of degradation products. The major genetic basis of MFMs is unknown. In 1993, our group reported a Japanese family with dominantly inherited cytoplasmic body myopathy, which is now included in MFM, characterized by late-onset chronic progressive distal muscle weakness and early respiratory failure. In this study, we performed linkage analysis and exome sequencing on these patients and identified a novel c.90263G4T mutation in the TTN gene (NM_001256850). During the course of our study, another groups reported three mutations in TTN in patients with hereditary myopathy with early respiratory failure (HMERF, MIM #603689), which is characterized by overlapping pathologic findings with MFMs. Our patients were clinically compatible with HMERF. The mutation identified in this study and the three mutations in patients with HMERF were located on the A-band domain of titin, suggesting a strong relationship between mutations in the A-band domain of titin and HMERF. Mutation screening of TTN has been rarely carried out because of its huge size, consisting of 363 exons. It is possible that focused analysis of TTN may detect more mutations in patients with MFMs, especially in those with early respiratory failure.
INTRODUCTION
Myofibrillar myopathies (MFMs) were proposed in 1996 as a group of chronic muscular disorders characterized by common morphologic features observed on muscle histology, which showed the focal dissolution of myofibrils followed by the accumulation of products of the degradative process. 1 The clinical phenotype of MFM is characterized by slowly progressive muscle weakness that can involve proximal or distal muscles, with onset in adulthood in most cases. However, other phenotypes are highly variable. Although 20% of patients with MFMs have been revealed to have mutations in DES, CRYAB, MYOT, LDB (ZASP), FLNC or BAG3, the major genetic basis of MFMs remains to be elucidated.
Respiratory weakness is one of the symptoms of MFMs. The early or initial presentation of respiratory failure is not a common manifestation of MFMs as a whole, and there are limited reports regarding a fraction of patients with DES, 2 MYOT 3 or CRYAB 4 mutation. In 1993, our group reported a Japanese family with dominantly inherited cytoplasmic body (CB) myopathy, 5 which is now included in MFM. Currently, this family includes 20 patients in five successive generations who show almost homogeneous clinical features characterized by chronic progressive distal muscle weakness and early respiratory failure. However, the underlying genetic etiology in this family was unknown. The aim of this study was to determine the genetic cause in this family. To identify the responsible genetic mutation, we performed linkage analysis and whole-exome sequencing.
MATERIALS AND METHODS
This study was approved by the Ethics Committee of the Tohoku University School of Medicine, and all individuals gave their informed consent before their inclusion in the study.
Clinical information on the family
This family includes 20 patients (13 males and 7 females) in five successive generations (Figure 1 ). The family is of Japanese ancestry, and no consanguineous or international mating was found. Of all patients, seven underwent a muscle biopsy, and two were autopsied. All of the histological findings were compatible with MFM (see clinical data).
The age of onset ranged from 27-45 years. The most common presenting symptom was foot drop. At the initial evaluations, muscle weakness was primarily distributed in the ankle dorsiflexors and finger extensors. The patients were generally built and showed no other extramuscular abnormalities. In addition to this chronic progressive distal muscle weakness, respiratory distress occurred between 0 and 7 years from the initial onset (average 3.8 years) in seven patients (IV-9, V-2, A, B, E, H, and J) with adequate clinical information. Two patients who had not had any respiratory care died of respiratory failure approximately a decade from the initial onset. The other patients have been alive for more than 10 years (maximum 18 years) but require nocturnal non-invasive positive pressure ventilation. They were 37-58 years of age as of 2012 and able to walk independently with or without a simple walking aid. Although the time at which patients recognized dysphagia or dysarthria varied between 1 to more than 10 years from the initial onset, decreased bulbar functions had been noted at the initial evaluation in most cases. Cardiac function was normally maintained in all patients of the family.
Clinical data
The level of serum creatine kinase was normal or mildly elevated. Electromyography of affected muscles showed a chronic myogenic pattern, and the nerve conduction study did not suggest any neuropathic involvement. Muscle imaging showed focal atrophy in the tibialis anterior, tibialis posterior, extensor hallucis and digitorum longus, peroneal and semitendinosus muscle on initial assessment (Figure 2A) , and atrophy became clear in cervical muscles, shoulder girdles, intercostals and proximal limb muscles in the following several years. Upon muscle biopsy, the most common finding was numerous cytoplasmic bodies (CBs), which were found on 7.3% of myofibers in the tibialis anterior of individual E ( Figure 2B (a-c) ) and 50-80% of intercostals in other cases. 5 Other nonspecific findings were increased variability in the size of myofibers, central nuclei and rimmed vacuoles observed on a few fibers. No strong immunoreaction of desmin was seen in the CBs ( Figure 2B (d, e) ). An electron microscope examination showed that the regular sarcoplasmic pattern was replaced by abnormal fine filamentous structures, which seemed to attach to the Z-band. CBs were also found in almost all skeletal muscles and some smooth muscles in autopsied cases. 5 Cardiac myofibers also contained numerous CBs in one of the autopsied cases (V-2), 5 although the patient did not present any cardiac complication. The sequence analysis of the coding regions and flanking introns of DES and MYOT showed no pathogenic mutation in individual E. An array comparative genomic hybridization performed with the Agilent SurePrint G3 Human CGH 1M microarray format in individual A did not reveal any aberrations of genomic copy number.
Linkage analysis
DNA was extracted by standard methods. Linkage analysis was performed on nine family members (A-I in Figure 1 ; four of them were affected, and the others were unaffected) through genotyping using an Illumina Human Omni 2.5 BeadChip (Illumina, San Diego, CA, USA). We chose single-nucleotide polymorphisms (SNPs) that satisfied all of the following criteria: (1) autosomal SNPs whose allele frequencies were available from the HapMap project (http:// hapmap.ncbi.nlm.nih.gov/), (2) SNPs that were not monomorphic among members and (3) SNPs that were not in strong linkage disequilibrium with neighboring SNPs (r2 values o0.9). Then, we selected the first five SNPs from each position of integer genetic distance from SNPs that met the above criteria for the initial analysis. The details were as follows; we chose a SNP closest to 0 cM and the neighboring four SNPs. If the genetic distance of a SNP was the same as that of the next SNP, we considered the genomic position to determine their order. We repeated this process at 1 cM, 2 cM and so on.
We performed a multipoint linkage analysis of the data set (17 613 SNPs) using MERLIN 6 1.1.2 under the autosomal dominant mode with the following parameters: 0.0001 for disease allele frequency, 1.00 for individuals heterozygous and homozygous for the disease allele and 0.00 for individuals homozygous for the alternative allele. After this first analysis, a second analysis was performed with all SNPs fulfilling the above criteria around the peaks identified in the first analysis.
Exome sequencing
Exome sequencing was performed on seven family members in three generations (A-E, H and I in Figure 1 ), four of whom were affected. Exon capture was performed with the SureSelect Human All Exon kit v2 (individuals E, H and I) or v4 (A-D) (Agilent Technologies, Santa Clara, CA, USA). Exon libraries were sequenced with the Illumina Hiseq 2000 platform according to the manufacturer's instructions (Illumina). Paired 101-base pair reads were aligned to the reference human genome (UCSChg19) using the BurrowsWheeler Alignment tool. 7 Likely PCR duplicates were removed with the Picard program (http://picard.sourceforge.net/). Single-nucleotide variants and indels were identified using the Genome Analysis Tool Kit (GATK) v1.5 software. 8 SNVs and indels were annotated against the RefSeq database and dbSNP135 with the ANNOVAR program. 9 We used the PolyPhen2 polymorphism phenotyping software tool 10 to predict the functional effects of mutations.
Sanger sequencing
To confirm that mutations identified by exome sequencing segregated with the disease, we performed direct sequencing. PCR was performed with the primers shown in Supplementary Table 1 . PCR products were purified with a MultiScreen PCR plate (Millipore, Billerica, MA, USA) and sequenced using BigDye terminator v1.1 and a 3500xL genetic analyzer (Applied Biosystems, Carlsbad, CA, USA).
RESULTS

Linkage analysis
The first linkage analysis identified five regions across autosomes with a logarithm of odds (LOD) score greater than 2 ( Figure 3 ). Of the five regions, two were on chromosome 2 (from 167 cM to 168 cM, with a maximum LOD score of 2.46 and from 182 cM to 185 cM, with a maximum LOD score of 2.71), the other two were on chromosome 8 (from 27 cM to 34 cM, with a maximum LOD score of 2.71 and at 61 cM, with a maximum LOD score of 2.03), and one was on Haplotypes shared by affected individuals in these regions were confirmed by visual inspection. There were a few incompatible SNPs in these regions, presumably due to genotyping error.
Exome sequencing and segregation analysis
In exome sequencing, an average of 215 million reads enriched by SureSelect v4 (SSv4) and 319 million reads enriched by SureSelect v2 (SSv2) were generated, and 99% of reads were mapped to the reference genome by Burrows-Wheeler Alignment tool. An average of 57% (SSv4) and 61% (SSv2) of those reads were duplicated and removed, and an average of 80% (SSv4) and 66% (SSv2) of mapped reads without duplicates were in target regions. The average coverage of each exome was 163-fold (SSv4) and 130-fold (SSv2). An average of 85% (SSv4) and 69% (SSv2) of target regions were covered at least 50-fold (Supplementary Table 2 ). On average, 10 133 SNVs or indels, which are located within coding exons or splice sites, were identified per individual (Table 1) . A total of 64 variants were common among patients and not present in unaffected individuals, and 32 of those were left after excluding synonymous SNVs. In these variants, only the heterozygous mutation c.90263G4T (NM_001256850) at position 179 410 777 of chromosome 2, which was predicted to p.W30088L in TTN, was novel (that is, not present in dbSNP v135 or 1000 genomes). Polyphen2 predicted this mutation as probably damaging. This mutation was located in a candidate region suggested by the linkage analysis in the present study. The other variants were registered with dbSNP135, and the allele frequencies, except for one SNV, rs138183879, in IKBKB, ranged from 0.0023 to 0.62. These values were not compatible with the assumption that MFM was a rare disease and showed complete penetrance in this family. The allele frequency of rs138183879 was not available in dbSNP135, and this SNV was in the candidate region on chromosome 8 based on linkage analysis. We then performed a segregation analysis on the two candidates, the novel mutation c.90263G4T in TTN and rs138183879 in IKBKB, through Sanger sequencing in 10 family members (A-J in Figure 1 ; Figure 4a ). The rs138183879 SNP was not found in individual J, that is, it was not segregated with the disease in this family. In contrast, the novel mutation c.90263G4T in TTN was detected in all patients (n ¼ 5) and not detected in any of the unaffected family members (n ¼ 5) or 191 ethnically matched control subjects (382 chromosomes). These results suggested that this rare mutation in TTN segregated with the disease in this family.
DISCUSSION
In this study, we found that a novel missense mutation in TTN segregated with MFM in a large Japanese family. The identified c.90263G4T mutation in TTN (NM_001256850) was considered to be the genetic cause of MFM in our family, because (1) exome sequencing revealed that this was the best candidate mutation after filtering SNPs and indels, (2) this mutation is located in a region on chromosome 2 shared by affected family members, (3) the segregation with MFM was confirmed by Sanger sequencing, (4) this mutation was not detected in 191 control individuals, (5) this mutation was predicted to alter highly conserved amino acids (Figure 4b ) and (6) TTN encodes a Z-disc-binding molecule called titin, which is similar to all of the previously identified causative genes for MFMs, which also encode Z-disc-associated molecules.
Recently, three mutations in TTN have been reported as the causes of hereditary myopathy with early respiratory failure (HMERF, MIM #603689), [11] [12] [13] [14] [15] [16] which has similar muscle pathology to MFMs. The identified novel missense mutation c.90263G4T in our study was located on the same exon as recently reported HMERF mutations: c.90272C4T in a Portuguese family 16 and c.90315T4C in Swedish and English families 14, 15 (Table 2 ). This finding suggests the possibility that our family can be recognized as having HMERF from a clinical aspect.
Compared with symptoms described in the past three reports on HMERF (also see Table 2 ), our patients have common features, such as autosomal dominant inheritance, early respiratory failure, the absence of clinically apparent cardiomyopathy, normal to mild elevation of serum CK and histological findings compatible with MFM. Early involvement of the tibialis anterior is also common, except for the Portuguese family, who reported isolated respiratory insufficiency and a milder presentation of HMERF. Thus, our family shares major clinical manifestations with patients with HMERF, suggesting that the identified mutation is novel for MFM and HMERF.
To date, mutations in TTN have been identified in skeletal myopathy and cardiomyopathy. 17, 18 The relationship between the variant positions on TTN and phenotypes accompanied by skeletal or respiratory muscle involvement is summarized in Table 2 . Titin is a large protein (4.20 MDa) that extends from the Z-disk to the M-line within the sarcomere, and it is composed of four major domains: Z-disc, I-band, A-band and M-line ( Figure 5 ). All four HMERF mutations detected by other groups and our study were consistently located in the A-band domain, while mutations in tibial muscular dystrophy (TMD) (MIM #600334), [19] [20] [21] [22] [23] [24] limb-girdle muscular dystrophy type 2J (LGMD2J) (#608807) 19, 25 and early-onset myopathy with fatal cardiomyopathy (#611705) 26 were located in the M-line domain. HMERF and TMD have some common clinical characteristics, such as autosomal dominant inheritance with onset in adulthood and strong involvement of the tibialis anterior muscle. A novel TTN mutation in a family with HMERF Table 2 Previously reported TTN mutations with skeletal and/or respiratory muscle involvement 
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In contrast, one of the distinctive features of TMD is that early respiratory failure has not been observed in patients with TMD. Histological findings of TMD usually do not include CBs but show nonspecific dystrophic change. The underlying pathogenic processes explaining why mutations on these neighboring domains share some similarities but also some differences are unknown. Three of four HMERF mutations in the A-band domain are located in the fibronectin type 3 and Ig-like (Fn3/Ig) domain, and one of four HMERF mutations is located in the kinase domain ( Table 2 , also see Figure 5 ). The missense mutation c.97348C4T in the kinase domain was the first reported HMERF mutation. It has been shown that the kinase domain has an important role in controlling muscle gene expression and protein turnover via the neighbor of BRCA1 gene-1-muscle-specific RING finger protein-serum response transcription factor pathway. 13 Moreover, the Fn3/Ig domain is composed of two types of super-repeats: six consecutive copies of 7-domain superrepeat at the N-terminus and 11 consecutive copies of 11-domain super-repeat at the C-terminus. [27] [28] [29] These super-repeats are highly conserved among species and muscles. Our identified mutation (c.90263G4T) and the neighboring two mutations (that is, c.90272C4T and c.90315T4C shown in Table 2 ) were all located on the 6th Fn3 domain in the 10th copy of 11-domain super-repeat (that is, A150 domain 30 ) ( Figure 5 ). Although some Fn3 domains are proposed to be the putative binding site for myosin, 31 the role with the majority of Fn3 domains, how it supports the structure of each repeat architecture, and the identity of its binding partner have not been fully elucidated. Our findings suggested that the Fn3 domain, in which mutations clustered, has critical roles in the pathogenesis of HMERF, although detailed mechanisms of pathogenesis remain unknown.
In conclusion, we have identified a novel disease-causing mutation in TTN in a family with MFM that was clinically compatible with HMERF. Because of its large size, global mutation screening of TTN has been difficult. Mutations in TTN may be detected by massively parallel sequencing in more patients with MFMs, especially in patients with early respiratory failure. Further studies are needed to understand the genotype-phenotype correlations in patients with mutations in TTN and the molecular function of titin. Figure 5 Structure of titin and mutation distribution in the A-band domain. Human TTN was mapped to 2q31.2. TTN is 294 kb and is composed of 363 exons that code for a maximum of 38 138 amino-acid residues and a 4.20-MDa protein 32 called titin. Titin is expressed in the cardiac and skeletal muscles and spans half the sarcomere, with its N-terminal at the Z-disc and the C-terminal at the M-line. 33 Titin is composed of four major domains: Z-disc, I-band, A-band and M-line. I-band regions of titin are thought to make elastic connections between the thick filament (that is, myosin filament) and the Z-disc within the sarcomere, whereas the A-band domain of titin seems to be bound to the thick filament, where it may regulate filament length and assembly. 34 The gray and white ellipses indicate an Ig-like domain and fibronectin type 3 domain, respectively. Our mutation (p.W30088L) and the neighboring two mutations (that is, p.C30071R and p.P30091L) were all located in the 6th Fn3 domain in the 10th domain of large super-repeats. A full color version of this figure is available at the Journal of Human Genetics journal online.
